Pseudomonas aeruginosa remains one of the major pathogens affecting immunocompromised patients. LPS-based monovalent (MV) and polyvalent (PV) conjugate vaccines were prepared from the most prevalent strains of P. aeruginosa International Antigenic Typing Scheme ( 
Introduction
Pseudomonas aeruginosa is a major cause of morbidity and mortality for immunocompromised patients, especially in individuals with cystic fibrosis, severe burns, or cancer [1] [2] . In these patients, P. aeruginosa is one of the most dangerous nosocomial pathogens, due to its production of several virulence factors such as exotoxin A, exoenzyme S, elastase, alginate and lipopolysaccharide (LPS) [3] [4] ; emergence of multidrug resistant strains [5] ; and absence of an efficient protective vaccine [2] .
Several candidate vaccines for P. aeruginosa have been evaluated, including capsular polysaccharide, low doses of LPS, purified surface proteins and whole live-attenuated cells, but none were successful in protecting from infection by this pathogen [2] [6] . However, some protections were observed using alginate-base conjugates in experimental animals [7] [8] .
LPS is an important immunoreactive surface antigen of P. aeruginosa [6] [9] , and is composed of a hydrophilic O-polysaccharide (O-PS) region that is linked to a hydrophobic lipid A via a core oligosaccharide. Twenty major serotypes of P. aeruginosa have been identified on the basis of their antigenic O-PS cross reactivity and chemical structure 0 [10] . The serum antibodies against the surface O-PS antigen confer protective immunity against the pathogen. Since intact LPS of Gram-negative bacteria is highly toxic, and isolated O-PS molecules are poor immunogens, especially in infants, thus many investigators have attempted to conjugate O-PS of pathogenic bacteria to immunogenic proteins to enhance the immunogenicity of O-PS and confer protection against the pathogen [11] [12] .
Several immunogenic proteins, including tetanus toxoid (TT), diphtheria toxoid, CRM 197 , bovine serum albumin (BSA) and exotoxin A have been used as carrier proteins [12] - [16] . Exotoxin A is highly toxic and immunogenic and is produced by most clinical strains of P. aeruginosa [17] . Berna Biotech developed an octavalent conjugate vaccine (Aerugen ® ) prepared by conjugation of the O-PSs from P. aeruginosa strains to exotoxin A. The vaccine was failed to produce sufficient efficacy in Phase 3 clinical trials to protect from P. aeruginosa infection in cystic fibrosis patients, thus further development of the vaccine was terminated [2] .
Recombinant exotoxin A of P. aeruginosa (rEPA) is nontoxic and retains its immunogenic property, thus making rEPA a good candidate to be used as a vaccine and as a carrier protein for preparation of conjugate vaccines [18] - [21] . Using rEPA as a carrier protein supports a multi-antigenic approach for the development of a conjugate vaccine that elicits antibodies against both O-PS and rEPA of pathogenic P. aeruginosa, to provide broad spectrum protection from P. aeruginosa infection.
In this study, the O-PS from the most prevalent strains of P. aeruginosa, International Antigenic Typing Scheme (IATS) strains 6, 10, 11, and 20 [3] [10], was used to create and test conjugation vaccines. rEPA was used as a carrier protein because of its safety, immunogenicity, and possibility for serological cross-protection between various strains. The immunogenicity of the monovalent (MV) and tetravalent conjugate vaccines emulsified with various adjuvants was evaluated in mice. In addition, the in vivo protection of mice was evaluated.
Materials and Methods

Bacterial Growth and Preparation of LPS and O-PS
P. aeruginosa IATS strains 6, 10, 11, and 20 were kindly provided by Professor Joseph Lam (Department of Molecular and Cellular Biology, University of Guelph, Guelph, Canada). Cultivation and LPS preparation were performed as previously described [12] [22] . The purity of LPS was checked by testing for the presence of DNA [23] and protein [24] . The O-PS was obtained and purified as previously described [12] .
Carrier Protein
Nontoxic rEPA was kindly provided by Dr. Ali Fattom (NABI Biopharmaceutical Company, Bethesda, USA).
A preliminary test was performed to estimate the toxicity of the rEPA carrier protein. Samples of rEPA (50, 75, 200, and 400 µg in 0.2 ml sterile PBS) were injected intraperitoneally (i.p.) into five BALB/c female mice weighing 17 -20 g. The animals were monitored for any sign of illness or weight loss over 7 days.
Preparation of Conjugates
The O-PSs of P. aeruginosa IATS strains 6, 10, 11, and 20 were coupled to the rEPA protein through adipic acid dihydrazide (ADH; Sigma, St. Louis, MO, USA). The rEPA was first activated with ADH by a carbodiimidemediated condensation reaction as previously described [13] .
For the MV conjugate vaccine, the O-PSs of P. aeruginosa IATS strains were coupled through the free carboxyl group of 2-keto-3-deoxyoctulosonic acid (KDO) to the free amino group of the ADH-rEPA complex by a carbodiimide-mediated condensation reaction [25] . For the polyvalent (PV) conjugate vaccine, a mixture of O-PSs (7.5 mg from each strain) was conjugated as described above. The O-PS-ADH-rEPA conjugate was purified as described earlier [12] , and concentrated by ultrafiltration, aliquoted, and stored at −70˚C. The molar ratios of the protein to the saccharide moiety were calculated based on the molecular weight of rEPA (66,000 Da) and the molecular weight of the saccharide moiety, which is the total molecular weight of the complete core region [26] and one repeating unit of the O-PS for the corresponding strain of P. aeruginosa [10] , based on that the most abundant LPS species contains one repeating unit, as shown by gel electrophoresis [27] . The average molecular weight of the saccharide moieties was used to calculate the molecular weight of the saccharide moiety in the PV.
Mouse Immunization
Stock conjugate solutions of O-PS were prepared at a concentration equivalent to 25 µg/ml in PBS. The conjugate solutions were sterilized by filtration (membrane pore size: 0.45 µm), emulsified in a 1:1 ratio with an adjuvant (Freund's or MPL), and shaken at 4˚C overnight. Complete and incomplete Freund's adjuvants were purchased from Difco (Difco Laborstories, Detroit, USA), and MPL adjuvant was prepared as described earlier [12] . Control treatments were also prepared as follows: 1. conjugate solution without adjuvant, 2. unconjugated mixture of O-PS and rEPA with MPL adjuvant, and 3. sterile PBS. Six to eight week old female BALB/c mice (ten animals per group) were immunized with the conjugates emulsified with the adjuvants and with the control treatments (200 µl/mouse/dose, injected i.p. at two sites) on days 0, 21, and 42. Complete Freund's adjuvant was used in immunization and incomplete Freund's adjuvant was used in booster injections. Blood samples were withdrawn pre-injection and 14 days after each injection, centrifuged at 3000 rpm for 10 minutes, and stored at −20˚C.
Enzyme Linked Immunosorbant Assay (ELISA)
Specific IgM and IgG sera titers were evaluated with their homologous LPS using ELISA as described earlier [28] . Serum end point titers were calculated as the reciprocal of the serum dilution where the optical density of the assay equaled the average value of the control plus three standard deviations.
The whole bacterial cell ELISA was performed as follows: Freshly grown bacterial cells were killed by 0.3% formalin at 4˚C overnight. The cells were centrifuged at 5000 rpm at 4˚C for 10 min and washed once with sterile PBS. The pellet was resuspended in 20 ml sterile carbonate buffer (pH 9.6) and diluted to A 600 of 0.45, which is approximately equivalent to 6 × 10 8 CFU/ml. The diluted bacterial cell suspensions were used as the antigen for the ELISA assay.
In Vivo Protection of Mice
The infecting inocula of P. aeruginosa IATS strains 6, 10, 11, and 20 in mice were determined in order to perform the in vivo protection test. The LD 50 value was determined as described by Reed and Muench [29] .
In vivo protection was performed using BALB/c female mice (5 mice per group, 6 -8 weeks old). Mice were immunized with the prepared conjugates as described above. Two weeks after the last injection, the mice were bled for the sera titer assay and challenged i.p. with 10 times the determined LD 50 as described earlier [30] . The mice were monitored daily for 7 days for mortality.
Statistical Analyses
The experimental data were analyzed by the software programs Prism 5 (Graph Pad) or Excel (Microsoft) and were expressed as mean ± SE. A P value of ≤0.05 determined by student's test was considered statistically significant.
Results
Isolation and Characterization of LPS
Smooth type LPSs of P. aeruginosa IATS strains 6, 10, 11, and 20 were obtained with a yield of approximately 1% -2% LPS based on dry cell weight. DNA and protein contents were determined to be less than 1% of the prepared LPS, indicating a high purity. Partially hydrolyzed LPSs of IATS strains 6, 10, 11, and 20 produced water soluble O-PSs with a yield of 37%, 31%, 16%, and 27%, respectively.
Characterization of Conjugates
The preliminary safety test of rEPA carrier protein showed that a dose of up to 400 µg did not result in any signs of illness or weight loss in any of the tested mice for 7 days after injection, demonstrating the safety of rEPA for use as a carrier protein.
The O-PS was coupled to rEPA through an ADH spacer by a carbodiimide-mediated condensation reaction. The prepared conjugate was purified by gel filtration chromatography and eluted with PBS in the void volume as a single peak (Figure 1) . The peak was positive for both carbohydrate and protein contents, indicating that the conjugation method was successful. Non-conjugated protein and carbohydrate contents were eluted in later fractions as two overlapping peaks.
The sugar and protein contents of the prepared conjugates were determined using phenol sulfuric acid method for sugars [31] and the Bradford assay for proteins [24] . The molar ratios of protein to saccharide moieties in the conjugates were as follow: 1:6 for O-PS 6 -ADH-rEPA, 1:2.3 for O-PS 10 -ADH-rEPA, 1:2.7 for O-PS 11 -ADHrEPA, 1:14 for O-PS 20 -ADH-rEPA, and 1:5 for O-PS poly -ADH-rEPA.
Immunogenicity of the MV
The immunogenicity of the conjugates was evaluated using female BALB/c mice. Levels of IgM and IgG antibodies elicited against the conjugates emulsified with MPL, Freund's adjuvants, or the conjugates without adjuvant were compared with the unconjugated mixture of rEPA/O-PS emulsified with MPL and sterile PBS as negative control. The elicited antibody titers were measured against homologous pure LPS or homologous whole bacterial cells using ELISA. Conjugates emulsified with MPL adjuvant elicited significantly higher levels of anti-O-PS IgM titers than others, except in IATS 11, where the non-conjugated treatment elicited the highest titer ( Figure  2(a) ). As expected, weak anti-O-PS IgM titers were recorded in the PBS negative control. Similarly, the highest anti-O-PS IgG titers recorded when the conjugates were emulsified with MPL ( Figure  2(b) ). All conjugate vaccine treatments induced significantly higher levels of anti-LPS IgG titers compared to the unconjugated mixture groups. Analogous to IgM control groups, weak anti-O-PS IgG titers against O-PS were recorded in the PBS negative control groups. Similar results were also obtained using the whole bacterial cell ELISA (Figure 2(c)) .
The unconjugated mixture of O-PS/rEPA emulsified with MPL elicited the highest level of anti-rEPA IgG titers, followed by conjugates emulsified with MPL ( Figure 3) . As expected, the negative control treatments did not elicit a significant anti-rEPA antibody. The O-PS 10 -ADH-rEPA and O-PS 11 -ADH-rEPA, which showed the lowest O-PS/rEPA molar ratios (see above), elicited the highest level of anti-rEPA antibodies. In contrast, O-PS 20 -ADH-rEPA, which showed the highest O-PS/rEPA molar ratio, elicited the lowest level of anti-rEPA antibodies.
Immunogenicity of the PV
The immunogenicity of the PV was evaluated by immunization of mice with the conjugate emulsified with MPL or Freund's adjuvants, compared with sterile PBS as a negative control. The elicited antibody titers were measured against LPSs or whole cells of P. aeruginosa IATS strains 6, 10, 11, and 20 using the ELISA (Figure 4) . The PV emulsified with MPL adjuvant elicited a higher level of anti-O-PS IgM than that emulsified with Freund's adjuvants when measured against the LPSs of the four IATS strains as coating antigens (Figure 4(a) ). Similarly, the elicited anti-O-PS IgG titers using MPL adjuvant were higher than that using Freund's adjuvants in both LPS or whole cell ELISA (Figure 4(b) and Figure 4(c) ), with the exception of the case when LPS of IATS 20 was used as a coating antigen, in which both sera showed very close titer levels. As expected, very weak anti-O-PS IgM and IgG titers were observed in the PBS negative control group.
The data on the immunogenicity of the MV and PV conjugates indicate that MPL adjuvant is the most efficient to elicit IgM and IgG against O-PS moieties in the conjugates, followed by Freund's adjuvants.
In Vivo Protection of Mice
The LD 50 for P. aeruginosa was determined according to Reed and Muench [29] method. The data were derived from two separate experiments. The LD 50 of P. aeruginosa IATS strains 6, 10, 11, and 20 were found to be 3.6 × 10 7 , 2.3 × 10 7 , 1.56 × 10 8 , and 3.7 × 10 7 CFU/mouse, respectively. The differences in the LD 50 values between all strains used in this study were less than one log. Ten times the determined LD 50 values were used as doses for the in vivo protection studies.
Immunization of mice with the prepared MV derived from O-PSs of IATS strains 10, 11, and 20 emulsified with MPL or Freund's adjuvants provided a high level of protection against the homologous bacterial strain ( Table 1) . However, the conjugate of O-PS from IATS 6 provided a lower level of protection against the homologous strain. Lower protective capacities were also obtained when the mice were immunized with conjugates without adjuvant or unconjugated O-PS/rEPA with MPL adjuvant (Table 1) , where all non-immunized animals died.
The in vivo cross protection of the conjugates was assayed with the heterologous bacterial strain. The prepared conjugates of IATS strains 6, 10, and 20 emulsified with MPL allowed survival of 2/5, 4/5, and 5/5 of tested animals, respectively, challenged with IATS 11 bacterial strain. The low level of protection provided by the IATS 6 conjugate and the high level of protection provided by the IATS 10 and 20 conjugates against the Table 1) . Study of in vivo protective capacity of the PV against P. aeruginosa IATS strains was also performed. The PV emulsified with MPL allowed survival of 1/5, 5/5, 4/5, and 5/5 of tested animals challenged with IATS bacterial strains 6, 10, 11, and 20, respectively, as compared to 0/5 surviving animals in a non-vaccinated group. The low level protection of the PV against the IATS 6 and the high level of protection against IATS strains 10, 11, and 20 correlate with the homologous and heterologous protective capacities of MV against the bacterial strains, as shown above. 
Discussion
P. aeruginosa is one of the leading opportunistic pathogens in immunocompromised patients. Despite the development of antimicrobial therapy to control bacterial infections, P. aeruginosa remains a major problem due to its intrinsic resistance to antibiotics and its ability to acquire resistance to multiple antimicrobial agents [5] . As alternatives to antimicrobial therapy, several methods have been evaluated to protect vulnerable patients from P. aeruginosa infections, including passive immunization with antibodies [16] , active immunization using various cellular components [2] [18], and preparation of conjugate vaccines [13] - [15] . Conjugate vaccine is recommended for immunization over other immunogens because of its safety and its ability to elicit protective antibodies against the carbohydrate antigen. LPS of P. aeruginosa is immunogenic but highly toxic [6] [9]. Treatment with high molecular weight bacterial PS resulted in some immune response, but not enough to protect from bacterial diseases in either infants or adults [32] . The immunogenicity of PS antigen has been readily enhanced through conjugation of the PS antigen to protein carriers [13] [14] . Many investigators have conjugated O-PS from P. aeruginosa to various protein carriers such as BSA [12] [16], TT [14] , and exotoxin A [13] [15] . Exotoxin A has both immunogenic and cytotoxic effects and is produced by most clinical isolates of P. aeruginosa. Unmodified exotoxin A was used as a carrier protein in the polyvalent P. aeruginosa vaccine candidate [13] . Antibodies against exotoxin A have been shown to provide protection from P. aeruginosa infection [17] . In this study, the nontoxic rEPA was used as a carrier protein in O-PS conjugation due to its safety, immunogenicity, and ability to be used in the development of a multi-antigenic conjugate vaccine to provide broad-spectrum protection from toxic exotoxin A proteins of various P. aeruginosa strains [19] .
Several conjugation approaches were used to couple the O-PS to a carrier protein. One approach is using reductive amination method [13] . Such approach might nonspecifically oxidize some of the sugar components of the O-specific chain, causing nonspecific alteration on the chemical structure of the O-PS antigen. Berna Biotech developed an octvalent P. aeruginosa vaccine candidate (Aerugen ® ) by coupling O-PSs to exotoxin A using reductive amination method [13] [33] . Further development in Aerugen ® vaccine was suspended because the lack of sufficient efficacy in Phase 3 clinical trials [2] . We used significantly different approach in which the O-PS was coupled through the terminal carboxyl group of the KDO to the nontoxic rEPA carrier protein via ADH. Thus, the O-specific chain remains unaltered.
The immunogenicity of the prepared MV and PV conjugates was evaluated in combination with MPL or Freund's adjuvants using a mouse model. The highest IgM and IgG titers against O-PS moieties were obtained when the conjugates were emulsified with MPL adjuvant, in agreement with many previous studies (Figure 2 ) [12] [34] [35] . A mixture of unconjugated rEPA and O-PS emulsified with MPL adjuvant elicited the highest level of anti-rEPA IgG, followed by conjugates emulsified with MPL (Figure 3) . The level of elicited anti-rEPA IgG is inversely correlated to the ratio of the coupled O-PS to rEPA protein, which might indicate possible structural alteration or blocking of rEPA epitopes by the coupled O-PS. It is evident that all MVs elicited high levels of IgG titers against homologous O-PS and rEPA antigens (Figure 2 and Figure 3) , which might provide multiple mechanisms of protection against P. aeruginosa infection. In addition, the anti-rEPA IgG provides broad spectrum cross protection against various strains of P. aeruginosa due to its common exotoxin A antigen [17] [19] .
No significant differences were observed in IgG levels when using formalin-killed bacteria or pure LPS as coating antigens (Figure 2(b) and Figure 2(c) ), which provides evidence that O-PS antigen retained its native conformation after the LPS extraction and conjugation procedure.
The level of antibodies in the host blood has been found to correlate with the level of protection against infection [15] . Therefore, the degree of protection of the conjugates was also evaluated by the level of resistance of mice to infection with P. aeruginosa. A high level of protection was obtained against the homologous bacterial strain when mice were immunized with conjugates derived from O-PSs of IATS 10, 11, and 20 emulsified with MPL or Freund's adjuvants, whereas a lower degree of protection was obtained using O-PS derived from the IATS 6 serotype. The degree of in vivo protection was found to be in good correlation with the elicited anti-O-PS IgG level in the serum (Figure 2(b) ), which is in a good agreement with the previous studies using the O-PSs of P. aeruginosa IATS 6 and 11 coupled to BSA [12] , fusion protein of exotoxin A and flagellin of P. aeruginosa [18] , and O-PS-TT conjugates of Vibrio cholerae O139 [36] .
In previous studies, no cross protection was observed between LPSs of P. aeruginosa serotypes 0 [10] [12] [14] . Nevertheless, the prepared conjugates derived from O-PSs of IATS 10 and 20 emulsified with MPL showed high in vivo cross protection against P. aeruginosa IATS 11. The observed cross protections in the present study might be attributed to the level of IgG titer against rEPA, the common antigen of P. aeruginosa strains, which is detected in all mice immunized by the prepared conjugates (Figure 3) . PV from various serotypes may have a potential to stimulate the immune response and protect against many serotypes. Since no cross-reaction was observed between LPSs of different P. aeruginosa serotypes 0 [10] [12] [14] , a PV containing the LPS antigens of the most prevalent pathogenic serotypes might provide a broad spectrum of protection against a wide variety of pathogenic P. aeruginosa serotypes. Furthermore, PV created with rEPA as a carrier protein may evoke both anti-O-PS and anti-rEPA antibodies that may provide extra cross protection against various P. aeruginosa serotypes. In previous study [38] , PV using LPS antigens elicited high levels of anti-PV in rabbits and humans, which provided sufficient protection of patients at high risk of P. aeruginosa infection. In this study, the prepared PV (O-PS poly -ADH-rEPA) emulsified with MPL adjuvant elicited the highest anti-O-PS antibodies against LPSs of various P. aeruginosa serotypes (Figure 4) , which provided a high degree of in vivo protection against living P. aeruginosa IATS strains 10, 11, and 20, but a low level of protection against IATS strain 6. The protection capacity of PV is in good correlation with the homologous and heterologous protective capacities of the prepared MVs (see above). The level of protection correlated well with the level of anti-O-PS and anti-rEPA antibodies in the serum of the mice, suggesting that PV may be a good candidate for protection against P. aeruginosa infection.
Conclusion
The immunogenicity and in vivo cross protection of the PV support the use of a multi-antigenic approach for the development of a protective conjugate vaccine. The vaccine elicited high titers of specific antibodies to rEPA and the O-PSs that were able to provide cross protection of mice against various strains of the pathogens. However, it may be necessary to carry out further studies to include other O-PSs from other strains, and to evaluate the degree of cross protection against a wider spectrum of pathogenic strains.
